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Abstract

LiNipsMn, 50, thin films were prepared by pulsed laser deposition (PLD) on stainless steel substrates. The growth of the films has been studied
as a function of substrate temperature and oxygen partial pressure in deposition, using X-ray diffraction (XRD) and field-emission scanning
electron microscopy (FESEM). Electrochemical properties of LiNiypsMn;sO4 thin film cathodes were investigated using cyclic voltammetry
and galvanostatic charge/discharge against a lithium anode. The initial capacity and capacity retention of the films are highly dependent on the
crystallinity and purity of the films. LiNigsMn; sO, thin films grown at 600 °C in an oxygen partial pressure of 200 mTorr are well crystallized
with high purity, exhibiting excellent capacity retention between 3 and 5 V with a LiPF¢-based electrolyte.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Layered LiCoO;, LiNO; and spinel LiMn;O4 are the most
important cathode materials for Li-ion batteries because of their
high operating voltage (4 V versus Li/Li*) and good capacity
retention. Among them, the spinel LiMn; Oy is the most favored
one, especially for large sized batteries for electric vehicle (EV)
applications, due to its lower cost and nontoxicity [1-3]. How-
ever, LiMn, Oy is not stable during cycling especially at elevated
temperature, which results in a rapid capacity fade and hence
limits its practical use [4—6]. Therefore, much research has been
carried out to improve its charge and discharge cycle perfor-
mance.

One excellent method for improving the cycle performance
is the substitution of other transition metals for Mn to make
LiM;Mn;_,O04 (M=Co [7], Cr [8], Ni [9], Fe [10], Cu [11],
etc.). Interestingly, it has been found that this approach is also
accompanied by a higher voltage plateau at about 5V as a result
of the redox system provided by the transition metal substituted.
Materials of this group are now attractive candidates as cathode
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materials for lithium-ion batteries because they can increase the
cell voltage to 5V from the present 4 V. Within this group of
materials, LiNig sMnj 504 is the most attractive material for the
practical preparation of 5V cathodes due to its high capacity
and good stability on repeated Li-ion extraction and insertion
[12-14].

Owing to the fact that the development in microelectronics
industries has reduced the current and power requirements of
electronic devices to an extremely low level, it is therefore pos-
sible the use of thin film batteries (TFBs) as power sources for
these devices. Further more, thin film electrodes are ideal sam-
ples for studying the intrinsic properties of electrode materials
because there are no binder and conductive additive in the films.
Thin film electrodes have been successfully prepared by various
techniques such as radio frequency (rf) sputtering [15], pulsed
laser deposition [16], chemical vapor deposition [17], spin coat-
ing [18] and electrostatic spray deposition [19]. Among them,
PLD is a powerful and easy method for producing high qual-
ity and dense films without post-deposition annealing. Studies
on thin film electrodes have been mainly applied to LiCoO; and
LiMn,Oy4. Very limited research [20,21] has been done on spinel
LiNig sMnj 504 thin film electrodes.

In this work, we first report on the preparation and charac-
terization of LiNig5Mn; 504 thin films by PLD. Influences of
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both substrate temperature and oxygen partial pressure on the
microstructure and morphology of LiNigs5Mnj 504 thin films
are investigated. Electrochemical properties of LiNigsMn; 504
thin films are further characterized as a function of deposition
conditions.

2. Experimental

Starting materials, MnO> 99.9% (Alfa Aeser), NiO 99% (Alfa
Aeser) and LiOH 98% (Merck) with appropriate molar ratios
were mixed using ball mill for 2 h. The mixture was placed in
an Al,Oj3 crucible and heated in air at 750 °C for 24 h. After
grinding, the powder was cold-pressed into a pellet and subse-
quently fired in air at 900 °C for 2h to densify the target. The
LiNigsMn; 504 thin films were deposited on stainless steels
(SS) and SiO,/Si (SOS) substrates by PLD in a vacuum cham-
ber at a base pressure less than 107 Torr. The target-substrate
distance was kept at 35 mm. A Lambda Physik KrF excimer laser
with wavelength 248 nm was used in the deposition. Laser flu-
ence and repetition rate were respectively controlled at 2 J cm 2
and at 10 Hz. Film depositions were carried out at substrate tem-
peratures ranging from 300 to 600 °C and in the oxygen partial
pressures ranging from 50 to 200 mTorr for 40 min. All char-
acterization and electrochemical measurements were performed
on the films on SS substrates. Thin films on SOS substrates were
only used for estimating the growth rate and thickness of the film.
The amount of LiNig 5sMn; 504 was estimated by weighing the
substrate before and after the film deposition using a microbal-
ance (A&D, GR-202).

Structure and crystallinity of the thin films were measured
using a Shimadzu XRD-6000 X-ray diffractometer with Cu Ka
radiation. Data were collected in the range of 10-70° at a scan
rate of 2°/min. Surface morphology and roughness of thin films
were characterized using a Hitachi S-4100 field emission scan-
ning electron microscopy (FESEM). The cross-sections of thin
films on SOS substrates were observed by FESEM to estimate
the thin film thickness and the growth rate. The thickness of
thin films deposited at different conditions ranges from 300 to
500 nm.

Electrochemical experiments were conducted using a Sola-
tron 1287 cell test system The electrochemical cell consisted of a
Li-metal foil as the counter electrode, a LiNig sMn 504 thin film
of approximately 0.785 cm? of active area as the working elec-
trode, and 1 M LiPFg in EC/DEC (1/1 vol.%) as the electrolyte.
Galvanostatic charge/discharge measurements were carried out
in the voltage range between 3 and 5V with a current density
of 20 wA/cm?. Cyclic voltammogram (CV) measurements were
carried out in the voltage range between 3.5 and 5 V with a scan
rate of 0.2mV/s.

3. Results and discussion
3.1. Structure characterization
The microstructure and crystallinity of LiNig sMnj 504 thin

films are dependent on particular deposition conditions. One
major factor is the substrate temperature, Ts. Fig. 1 shows the
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Fig. 1. XRD spectraof LiNip s Mn; 504 thin films deposited at different substrate
temperatures (7s =300, 400, 500 and 600 °C, Po, = 200 mTorr).

XRD spectra obtained from films deposited on SS substrates at
different temperatures ranging from 300 to 600 °C with a con-
stant oxygen partial pressure of 200 mTorr. All diffraction peaks
attributed to the films can be indexed based on a spinel structure
with space group Fd3m. In this spinel-framework structure, the
oxygen ions at the 32e sites form the cubic-close packing, in
which Li atoms occupy the tetrahedral interstices (8a sites) and
Ni and Mn atoms occupy the octahedral interstices (16d sites).
One major peak from (11 1) diffraction is observed from all
spectra and another two minor peaks of (311) and (222) are
also observed from some spectra. When the film is deposited at
the lowest substrate temperate of 300 °C in the present investi-
gation, the XRD spectrum only shows a very weak diffraction
peak of (11 1) indicating that the film is not well crystallized
with an amorphous structure. With increase in the substrate tem-
perature, the (1 1 1) peak increases rapidly and a (1 1 1) texture
develops. This observation is similar to Chiu’s study [22] on
LiMn;Oy4 films by PLD. A sharp (1 1 1) peak is observed for the
film deposited at 600 °C indicating good crystallinity.

Besides the effect of the substrate temperature, the oxy-
gen partial pressure, Po,, during deposition is another impor-
tant factor which can significantly affects the microstructure of
LiNigsMnj 504 films. Fig. 2 shows the XRD spectra from films
deposited on SS substrates at different oxygen partial pressures
ranging from 50 to 300 mTorr at a constant substrate temperature
of 600 °C. It is clear that all the films deposited at different oxy-
gen partial pressures exhibit a (1 1 1) texture. The (1 1 1) texture
increases with the increase in oxygen partial pressure. As the
oxygen partial pressure increases (3 1 1) and (22 2) diffraction
peaks became more obvious. At a very low oxygen partial pres-
sure of 50 mTorr, diffraction peaks in this selected range are off
from the peak positions of (31 1) and (22 2) indicating impu-
rity phases exist in the film when deposited at very low oxygen
partial pressure. From previous study [12] on LiNips5Mnj 504
composite electrodes, the impurities such as NiO and Li,Ni;_,O
were often observed in the final product after high temperature
synthesis. From Rougier’s study [23] on LiMn;O4 thin films
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Fig. 2. XRD spectra of LiNig sMn; 504 thin films deposited at different oxygen
partial pressures (7s =600 °C): (a) 50 mTorr, (b) 100 mTorr, (c) 200 mTorr and
(d) 300 mTorr.

by PLD, Mn,0O3 can be present as an impurity phase. Based
on the positions of the impurity peaks for the film deposited
at low oxygen pressure of 50 mTorr, it could be speculated the
impurity phases existing in the film could be a combination of
Mn,03 and NiO. Such impurity peaks are not observed for the
films deposited at high oxygen partial pressures like 200 and
300 mTorr.

3.2. Crystallinity and surface morphology

Fig. 3 shows the SEM images of the films deposited at dif-
ferent substrate temperatures. It can be seen that the substrate

temperature played an important role on morphology evolution.
At 300 °C, a lot of flake shaped particles are formed on the top
of the film, which increases the surface roughness. The film
underneath these discrete particles exhibits a nearly amorphous
nature, without any obvious grains can be observed. At 400 °C,
the amount of the discrete particles on the top of the film is
reduced and the film is composed of small grains (<100 nm). At
500 °C, the flake shaped particles totally disappear, which cre-
ates a smooth surface, and the film is composed of bigger grains
(~200nm). At 600 °C, the film appears dense and smooth, and
is composed of well-defined grains in the range between 200
and 300 nm. The grain shape reflects the spinel structure, a high
proportion of octahedral or pseudo-polyhedral forms with well-
defined edges and faces. When the substrate temperature is low,
the adatom mobility is low and atoms are easy to cluster to form
discrete particles, which results in a rough morphology. With
the increase in deposition temperature, the particles are reduced
and even removed due to the enhanced adatom mobility, which
results in a smooth morphology.

Fig. 4 shows the SEM images of the films deposited at
different oxygen partial pressures from 50 to 300 mTorr. All
films deposited exhibit a smooth surface without big particles
or droplets on the surfaces and are free of crack. At low oxy-
gen partial pressure such as 50 and 100 mTorr, the films appear
very dense but grains are not well defined. At high oxygen par-
tial pressures of 200 and 300 mTorr, the grains are well defined
but the density of pores in the film is increased. As the oxygen
partial pressure increases, the average grain size also increases
but not as obvious as the temperature effect. In general, raising
the background pressure for PLD will result in attenuation and
slowing of the plume. The deposition rate of the LiNig sMn; 504
film will be reduced when using a high oxygen pressure due to
the enhanced collisional scattering. The reduced deposition rate
will result in better crystallization.

Fig. 3. SEM images of LiNig sMn; 504 thin films deposited at different substrate temperatures (Po, = 200 mTorr): (a) 300 °C, (b) 400 °C, (c) 500 °C and (d) 600 °C.
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Fig. 4. SEM images of LiNipsMn; 504 thin films deposited at different oxygen partial pressures (7s =600 °C): (a) 50 mTorr, (b) 100 mTorr, (c) 200 mTorr and (d)

300 mTorr.
3.3. Electrochemical characterization

Fig. 5 shows a typical CV of the LiNigs5Mn; 504 film
deposited at Ts =600 °C, Po, = 200 mTorr in the voltage range
from 3.5 to 5V with a scan rate of 0.2mV/s. As shown in
Fig. 5, three pairs of reversible peaks can be observed with
two pairs of major peaks (A2—-C2 and A3—C3) at high voltages
about 4.7 V and one pair of minor peaks (A1-C1) at about 4 V.
For the LiMn;Oy4 electrode, Li-ion intercalation/deintercalation
take place with the redox of Mn3*#* at about 4 V. In case of
LiNig sMnj 504, substitution metal ions (Ni2+) exist at 16d sites
instead of Mn>* and all Mn ions should exist in 4+ oxidation
state. The high voltage peaks at 4.68 (Al) and 4.79V (A2)
on anodic scan, and at 4.65 (C1) and 4.75V (C2) on cathodic
scan should correspond to the redox reactions of Ni**/Ni** and
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Fig. 5. Typical cyclic voltammogram of the LiNip sMn; 504 thin film electrode
prepared at Ts =600 °C and Po, = 200 mTorr.

Ni**/Ni**.Dahn et al. [24] suggested that the electrode potential
of LiMn;0O4 could be enhanced from 4 to 4.7V by a substitu-
tion of a part of Mn ions in LiMnyO4. They have discussed
the appearance of the 4.7 V electrode potential regions by using
UV photoelectron spectroscopy and have claimed that energy of
3d level for Ni** ion and Ni** ion in a low spin state is lower
than that of Mn3* ion in a high spin state. Such a difference
between energies for 3d levels leads to a higher electrode poten-
tial of LiNip5Mn 504. The tiny peaks at 4 V in Fig. 5 should
correspond to the redox reaction of Mn3*+4* which indicates
existence of a small amount of Mn>* ions in the film. For a
pure phase spinel LiNip5Mn; 504 film, this 4V signal should
not be observed from the CV. The existence of Mn>* ions in
the spinel LiNipsMn; sO4 was often observed from previous
studies on composite electrodes [12,25,26]. There are proba-
bly two mechanisms to explain the formation of Mn** ions.
The first is nickel deficiency. The nickel deficiency stems from
the formation of secondary phases of NiO or Li,Nij;_,O in the
calcined powders [12], which leads to less nickel in the spinel
phase. The second is oxygen deficiency. The oxygen deficiency
[12,26] is due to the oxygen loss at high calcination temperature.
Once the oxygen deficiency takes place, the average valence of
manganese would decrease owing to the charge balance com-
pensation, causing reduction of some small portion of Mn from
4+ to 3+. In present investigation, the thin film was deposited in
a vacuum state with a high substrate temperature (7s =600 °C),
which probably induced some oxygen loss and Ni-based impu-
rities resulting in a small amount of Mn>* ions in the film.
Electrochemical properties of LiNig 5Mn; 504 thin films are
highly dependent on the microstructure and morphology of the
films. Typical charge/discharge curves of LiNig5sMnj 504 thin
films deposited at different substrate temperatures but at the
same oxygen partial pressure 200 mTorr are shown in Fig. 6. The
specific capacity was calculated based on the thin film weight
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Fig. 6. Typical charge/discharge curves of LiNig sMn; 504 thin films deposited
at different substrate temperatures (Po, = 200 mTorr): Ts =300, 400, 500 and
600°C.

(about 0.2-0.3 mg/cm?) measured by the microbalance. At very
low substrate temperature of 300 °C, the charge/discharge curves
of the film exhibit slope profiles between 4 and 5V without
any voltage plateau caused by poor crystallization of thin film.
This observation agrees with the XRD and SEM results. As the
substrate temperature increases, three voltage plateaus develop
for both charge and discharge. At the substrate temperature
of 600 °C, both charge and discharge curves show three well-
defined voltage plateaus at 4, 4.6 and 4.7V, respectively. The
charge/discharge curves of the well-crystallized LiNig sMnj 504
film agree well with the CV result, where the peaks in CV corre-
spond to the voltage plateaus in charge/discharge. As shown in
Fig. 6, the reversible capacities of the films deposited at 300, 400,
500 and 600 °C are 82.1, 100.3, 106.7 and 122.5 mAh/g, respec-
tively. The theoretical capacity of pure spinel LiNigsMnj 504
is 146.6 mAh/g. It is clear to see a development of the capac-
ity as a function of the substrate temperature. As the substrate
temperature increases, the reversible capacity and utilization of
the film increases. The difference between the voltage plateaus

for charge and discharge indicates the polarization of the cell,
which is caused by the cell resistance. As shown in Fig. 6, the
film deposited at 600 °C exhibit the smallest polarization com-
pared with rest samples. This result suggested that the diffusion
and migration of Li ions are faster in the film deposited at 600 °C
than those in other films deposited at lower temperatures, which
probably explains the highest reversible capacity and utilization
of the film. Therefore, the substrate temperature is crucial for
obtaining electrochemically active LiNig sMn; sO4 with a well-
crystallized spinel structure.

Typical charge/discharge curves of LiNig 5Mn 504 thin films
deposited at different oxygen partial pressures but at the same
substrate temperature 600 °C are shown in Fig. 7. Though the
substrate temperature is high, the charge/discharge curves of
the film deposited at low oxygen partial pressure of 50 mTorr
exhibit sloppy voltage plateaus, which indicates the film may
not be well-crystallized. Similar to the substrate temperature
effect, well-defined voltage plateaus develop as the oxygen par-
tial pressure increases. Though high oxygen partial pressure may
also improve the crystallinity of the film, the effect of oxygen
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Fig. 7. Typical charge/discharge curves of LiNig 5sMn; 504 thin films deposited
at different oxygen partial pressures (Ts =600 °C): Po, =50, 100 and 200 mTorr.
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film electrodes fabricated by Mohamedi et al. [20]. Both thin
film electrodes show high capacity and good capacity retention.
However, the ESD thin film electrode shows higher reversible
capacity (over 140 mAh/g) than that of the present film (about
120 mAh/g). Comparing CV curves for both thin film electrodes,
we found that the ESD film exhibit almost no 4 V peak which
means there is almost no Mn* ion existing in their film. For
the PLD, since the film is deposited in vacuum state, it is clear
shown that there exists an oxygen deficiency at low oxygen par-
tial pressure leading to the presence of a small amount of Mn3*
ions. Therefore, it can be speculated that high purity of the ESD
film offers the higher capacity. Though the PLD film exhibits rel-
atively lower capacity, it shows higher capacity retention than
the ESD film. The retaining capacities of each initial capacity
after 50 cycles are 91% and 96% for the ESD and PLD film,
respectively. We attribute the better capacity retention of the
PLD film to the in situ heating of the PLD system which uses
lower annealing temperature (600 °C for PLD, 700 °C for ESD).
The lower crystallization temperature and simple heating pro-
cess probably result in a denser film without crack (which is
confirmed by the SEM), which is supposed to reduce the loss
of active material during Li intercalation/deintercalation process
and results in better capacity retention.

In addition to capacity retention, kinetics of Li-ion intercala-
tion/deintercalation into the LiNigsMn; 504 film which deter-
mines the rate capability of this material is another important
property to study. From previous work obtained by Mohamedi
et al. [20], the chemical diffusion coefficient of Li in the ESD
LiNig sMn 504 film varies from 107! to 10~!9 cm?/s. High
rate capability is expected from this material due to this high Li
diffusivity.

4. Conclusions

Spinel LiNip sMnj 504 thin films were successfully prepared
on the SS substrates by PLD. The microstructure and surface
morphology of thin films are highly affected by the substrate
temperature and oxygen partial pressure. A high degree of crys-
tallinity and smooth surface morphology can only be achieved at
high substrate temperatures. Impurity formed during deposition
and a small amount of Mn>* ions in the film can be reduced by
increasing the oxygen partial pressure. Thin films with better
crystallization and less impurity exhibit better electrochemi-
cal properties. Thin films deposited at 75 =600 °C and Po, =
200 mTorr has the highest electrochemical activity, showing the
largest initial capacity, best capacity retention and only a very
small 4 V plateau. Well-crystallized LiNigsMn; 504 thin films
show very stable cycle performance between 3 and 5 V, which are
promising thin film cathodes for fabricating 5 V microbatteries.
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